NASA TECHNICAL NOTE 


NASA JN D-7041 

aj 



I 





LOAN COPY: RETUII^H 
AFVyL (dogl: s 

kirtland afb, p ^ 


HOT ELECTRODE DROPS IN AN 
UNSEEDED SUPERSONIC ARGON 
MAGNETOHYDRODYNAMIC GENERATOR 


by Maris A. Mantenieks 

Lewis Research Center 
Cleveland, Ohio 44135 

■4 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION . WASHINGTON, D. C. • JANUARY 1971 


TECH LIBRARY KAFB, NM 



tech LIBRARY KAFB.NM 



1. Report No. 1 2. Government Accession No. 

3. Recipient's Catalog No. 

NASA TN D-7041 | 


4. Title and Subtitle HOT ELECTRODE DROPS IN AN UN- 

5. Report Dote 

SEEDED SUPERSONIC ARGON MAGNETOHYDRODY- 

January 1971 

NAMIC GENERATOR 

6. Performing Organization Code 

7. Author(s) 

8. Performing Organization Report No. 

Maris A. Mantenieks 

E-5926 

9. Performing Orgonizotion Name and Address 

10. Work Unit No. 

Lewis Research Center 

129-02 

National Aeronautics and Space Administration 

1 1 . Contract or Grant No. 

Cleveland, Ohio 44135 

13. Type of Report and Period Covered 

12. Sponsoring Agency Name and Address 

Technical Note 

National Aeronautics and Space Administration 


Washington, D. C. 20546 



14. Sponsoring Agency Code 

15. Supplementary Notes 



16. Abstract 


Experiments were performed in an unseeded, supersonic argon generator. Floating 
potential profiles, electrode drops, and electrode temperatures were measured. The 
following conclusions were reached: (1) Electrode drops are independent of the mag- 
netic field. (2) The discharge is not symmetrical in the presence of a magnetic field. 
(3) It is possible to go from a self-sustaining arc discharge mode to a non -self- 
sustaining mode by increasing the initial cathode temperature. (4) There is a 
cathode temperature (about 2250 K) for which a minimum cathode drop is found. 

(5) A cooling effect for low discharge current is observed at the cathode in the non- 
self -sustaining mode. This cooling depends on the magnetic field. 


17. Key Words (Suggested by Author(s )) 


18. Distribution Stotement 


Magnetohydrodynamics 


Plasma 

Electrode drops 
Power generator 


Unclassified 

- Unlimited 


19. Security Class! f. (of this report) 

20. Security Clossif. (of this page) 

21« No. of Pages 

22. Price* 

Unclassified 

Unclassified 

23 

$3.00 


For sale by the National Technical Information Service, Springfield, Virginia 22151 


I 



HOT ELECTRODE DROPS IN AN UNSEEDED SUPERSONIC 
ARGON MAGNETOHYDRODYNAMIC GENERATOR 
by Maris A. Mantenieks 
Lewis Research Center 

SUMMARY 

Experiments were performed in an unseeded, supersonic, argon magnetohydrody- 
namic (MHD) generator. The generator contained a single electrode pair made of car- 
bonized thoriated tungsten. The electrodes were inserted into the stream to ensure 
thermionic emission. Probes were placed in both sidewalls to measure floating poten- 
tial profiles in the electrode gap and to measure electrode drops. Also electrode tem- 
peratures were measured. Data are presented for different mass flow rates and two 
magnetic field strengths (0. 54 and 0. 39 T). 

The following conclusions were reached: 

(1) Electrode drops are independent of the magnetic field. 

(2) The discharge is not symmetrical in the presence of a magnetic field. 

(3) It is possible to go from a self-sustaining arc discharge mode to a non-self - 
sustaining mode by increasing the initial (i. e. , zero discharge current) cathode tem- 
perature. 

(4) There is a cathode temperature (about 2250 K) for which a minimum cathode 
drop is found. 

(5) A cooling effect for low discharge current is observed at the cathode in the non- 
self -sustainit^ mode. This cooling depends on the magnetic field. 


INTRODUCTION 

Electrode processes strongly influence the performance of a magnetohydrodynamic 
(MHD) generator. Large electrode drops can appreciably lower the generator efficiency. 
Electrode performance is governed by many factors including electrode material, surface 
conditions (e. g. , seed coverage and foreign deposits), and the properties of the boundary 
layer (ref. 1). These factors are strongly influenced by electrode temperature. 



In an MHD generator which uses "seed” to enhance the plasma conductivity and to 
provide the required cathode emission, electrode processes are obscured by the com- 
plicated relations at the electrode surface between the condensing seed and the plasma. 
A generator without seed offers a simpler picture of the electrode processes. A super- 
sonic, arc -heated, nonequilibrium, argon MHD generator has been operated success- 
fully (ref. 2) and was used for this electrode study. The results obtained using carbon- 
ized Th-W electrodes at different initial cathode temperatures are presented in this re- 
port. 


EXPERIMENTAL APPARATUS AND MEASUREMENTS 
Description of Apparatus 

Arc heater and nozzle . - The arc heater is vortex -stabilized and consists of a 
l|--inch (32 -mm) diameter, annular, water-cooled copper anode and a water-cooled 
thoriated tungsten cathode. The argon flows into the arc heater through tangential holes 
in a ceramic sleeve separating the anode from the cathode. 

A water-cooled convergent -divergent copper nozzle with a throat diameter of 
1. 44 inches (3. 65 cm) and an area ratio of 4. 34 is used. The calculated Mach number 
at the nozzle exit, assuming isentropic expansion of a perfect gas, is 3.6. 

Test section . - The test section is a 3. 0-inch (7. 6-cm) inside -diameter stainless- 
steel tube 14 inches (35. 6 cm) long. Nine pure tungsten wire probes were placed on both 
sides of the test section in the direction of the magnetic field and perpendicular to the 
current path as shown in figures 1(a) and (b). The probes are equally spaced along the 
3. 8 -centimeter electrode gap on each side of the test section. 

Electrodes . - A good cathode must be a good emitter and must withstand the high 
temperature of the plasma. Thoriated tungsten (Th-W) satisfies tliese requirements 
fairly well and was previously used in a study of arc discharge characteristics in a MHD 
generator (ref. 3). However, thoriated tungsten suffers an irreversible loss of emission 
properties when it is heated above approximately 2000 K because of thorium depletion 
(ref. 4). Also oxygen on the surface may cause nonuniform emission if electrodes are 
not properly activated. Improved emission characteristics are obtained if the Th-W is 
carbonized. The carbonization process involves heating the sample to a high tempera- 
ture (~2200 K) in a benzene vapor and hydrogen atmosphere. This process decreases 
the susceptibility to "poisoning" and eliminates the presence of oxygen on the surface 
which may change the work function considerably. Carbonization also retards thorium 
loss and therefore can provide more uniform emission at higher working temperatures 
(ref. 4). The work function of the carbonized electrode, however, still has to be de- 
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termined, since the emission characteristics may vary with carbonizing temperature, 
benzene content in the hydrogen, and length of the carbonizii^ period (ref. 4). 

The electrodes were fabricated from a Th-W (2 percent) cylinder which had been 
carbonized. Then the cylinder was electric -discharge machined to the shape shown in 
the following sketch, thus providing one carbonized surface of 0. 11 -square -inch (0. 707- 
sq-cm) area. 



The electrode then was crimped into a pure tungsten stem. (The tungsten stem had a hole 
machined in one end for the electrode to fit into. ) The electrodes were inserted into the 
stream, away from the cold boundary layer at the wall, to ensure thermionic emission. 


Measurements 

Argon plasma c onditions (shown in table I) . - The argon stagnation temperatures 
were calculated calorimetrically by measuring the power into the gas (the power into 
the arc minus the power lost by the cooling water) and dividing by the argon mass flow 
rate. The static temperature is determined by assuming an isentropic expansion through 
the nozzle. The small temperature differences in the cooling water proved difficult to 
measure accurately. Since the coolant water rate through the arc heater was very high, 
this error in the temperature readii^s could cause considerable error in the static tem- 
perature calculations. The error may be as large as ±15 percent, but this should not be 
of major importance in the experiment (ref. 5). The most important parameter in this 
experiment is considered to be the electrode temperature, which was measured much 
more accurately. 

MHD gene rator- and instrumentation . - At the maximum magnetic field of 0. 54 tesla, 
open-circuit voltages of about 21 volts (approximately one -half of theoretical value) and 
short-circuit currents up to 34 amperes were obtained. 
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Eight load resistances (including open circuit), each automatically timed for 2- to 
4 -second intervals, gave the V-I characteristics of the generator. Probe voltages as 
well as electrode voltages and other arc data were recorded for each load resistance 
value with a high -impedance (1-Mn) automatic data recordir^ device. All potential dif- 
ference measurements presented, in the data are measured with respect to the cathode. 

Electrode t emperature. - Electrode temperatures were measured by a two-color 
(wavelengths of 650 and 550 nm) pyrometer. The temperature is indicated on a meter 
calibrated in degrees, with a linear scale. Also a millivolt output is used to record the 
data so the temperature may be correlated to the current through the electrode. 

The optical path for the pyrometer measurements included a quartz window and a 
mirror. Compared to a known temperature light source, this path introduced about a 
1 -percent error in the temperature measurement. It was found that during a run the 
quartz window did not discolor or lose its transparency. 

To obtain the effect of the hot plasma on the temperature measurements the follow- 
ing steps were taken. Current was passed through a tui^sten rod inserted in the plasma. 
The temperature of the rod was monitored continuously until enough current was passed 
through the rod to melt the tip. It was found that the measured meltii^ point of the rod 
was within the 1 -percent error of the listed melting point of tungsten. Thus the plasma 
had no appreciable effect on the temperature measurements. 


RESULTS AND DISCUSSION 
Floating Potential in Electrode Gap 

Floating potential profiles with no induced or applied voltage across the electrodes 
are shown in figure 2(a). Because of the balance of the electron flux from the nonequili- 
brium plasma and the emitted electrons from the electrodes, the probes are at about a 
volt higher than the electrodes. (This condition is discussed in more detail in the 
appendix. ) The shape of the profiles, in the vicinity of the electrodes, of the two grids 
is not the same. The corresponding end probe potentials (i. e. , potential on probe 1 of 
grid A and the potential on probe 1 of grid B) differ by approximately 0. 5 volt. This 
difference is not well understood. It may be due to plasma flow nonuniformity In the 
test section. 

When voltage is appUed and a discharge obtained between the electrodes, a similar 
voltage profile is obtained (fig. 2(b)). Again the end pins differ by about 0. 5 volt. 

Typical floating potential profiles for magnetically induced fields are presented in 
figures 3 and 4. In figure 3 the top electrode is the cathode and in figure 4 the bottom 
electrode is the cathode. Two magnetic field values were used, 0. 54 tesla in figures 3(a) 
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and 4(a) and 0. 39 tesla in figures 3(b) and 4(b). It is interesting to note that again the 
corresponding end probe potentials do not agree. The difference is not, however, 0. 5 
volt as noted before but gets as large as 4 volts for large currents at the anode of fig- 
ure 3(a). Also the electric field as determined from the potential profiles in the center 
of the duct of both grids (fig. 5) is found to be consistently higher at grid A for both 
magnetic field directions. This indicates that the magnetic field (possibly in conjunction 
with the plasma nonuniformities mentioned before) causes a nonsymmetrical discharge 
current path. 

The chaise of polarity of the magnetic field should have no effect upon the perform- 
ance of the generator for the same plasma conditions. However, higher open-circuit 
voltages (20. 4 V compared to 19.3 V) and higher short-circuit currents (34. 1 A compared 
to 25. 4 A) were found for the polarity of figure 3 compared to that of figure 4. Again 
nonuniformities in the plasma flow may account for this. The difference between the 
open -circuit values of the two polarities is proportional to the magnetic field strength. 


Electrode Drops and Temperature 

The potential change near an electrode, usually called an electrode drop, is difficult 
to measure accurately because of the very small sheath thickness and the perturbations 
caused by the probe. However, the potential difference between the electrode and the 
probe nearest that electrode may yield an approximate value of the electrode drop. Be- 
cause of the differences between the values from grids A and B, the drop was considered 
to be the average of the two measured voltages. 

In this report a change of potential in layers adjacent to the electrodes is considered 
positive if the potential in the layer increases with reference to the electrode surface. 

Cathode . - The cathode drops and correspondli^ cathode temperature against 
current are plotted in figure 6. The drops increase from about 1 volt for zero current 
to 10. 2 volts for short-circuit conditions. At higher currents the drops become inde- 
pendent of the current. To observe the temperature effect of the cathodes, the cathode 
drops are plotted against cathode temperature for various load currents in figure 7. The 
initial cathode temperature (the value at zero load current) was increased by operating 
the arc heater at a decreased argon mass flow rate. Figure 7 shows that for a given 
current the cathode voltage drops decrease with cathode temperature and reach a mini- 
mum value at about 2250 K. Beyond this temperature the drops increase with increas- 
ii^ cathode temperature. The former effect is expected since the electrode emission 
improves with increasing temperature. Similar behavior has been observed by Musin 
(ref. 8) and Maslennikov and Germanyuk (ref. 9). The latter effect is most probably due 
to thoria depletion at the cathode surface. Schneider (ref. 4) has shown that thoria be- 
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gins to be depleted from a carbonized Th-W electrode at an appreciable rate beginning 
at about 2250 K, causing the work function to increase. A similar minimum voltage drop 
characteristic observed in a potassium -argon system is described in reference 10. 

A decrease in the temperature of the cathode, with increasing current as seen in 
thermionic converters (ref. 11), is observed in figure 6 at low currents for higher ini- 
tial cathode temperatures. This cooling effect is the result of the energy the electrons 
take from the cathode and increases with increasing initial cathode temperature. The 
maximum cooling AT (defined as the difference between the zero -current temperature 
and the minimum temperature) is plotted against initial cathode temperature in figure 8. 
The figure shows that the AT is a linear function of the initial temperature. The mag- 
netic field effect on the cathode temperature observed in figure 6 is more pronounced in 
figure 8, indicating maximum cooling increasing with decreasing magnetic field. 

Anode . - Anode drops with corresponding electrode temperatures are plotted against 
load current in figure 9. The drops increase negatively with increasing current, where- 
as the temperature increases linearly with increasing current. The negative drops are 
the largest for the lowest initial anode temperature and the smallest for the highest 
initial anode temperature. 

Again there appears to be a small anode temperature difference between the high 
and low magnetic field cases, but no difference is observed for the anode drop. 


Model Of Discharge 

A discharge in a generator may operate in either a non-self -sustaining mode (i. e. , 
discharges utilizing separate heat sources for the cathode, such as heaters or the flow- 
ing plasma itself in our case) or a self-sustaining arc mode. A stable non-self - 
sustaining discharge is possible if the cathode is capable of maintaining a sufficiently 
high electron emission; if uniform emission is too low, the cathode can only provide the 
necessary emission from a constricted arc (self-sustaining mode. refs. 4 and 6). It 
is possible, as expected, to go from the one mode to the other by changing the initial 
cathode temperature. 

Prom these observations about the current voltage characteristics and the corre- 
sponding cathode temperature behavior, one may suggest the following model of the dis- 
charge in this experiment. The discharge characteristics as observed in figure 6 may 
be divided into two regions: (1) a low current region where the drops increase with in- 
creasing current, exhibiting a cooling effect; and (2) a high current region where drops 
are more or less independent of current and the temperature increases with increasing 
current. It might be surmised that in the low current region the discharge is dominated 
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by electron current and the drop is dependent on a balance of emitted electron current 
and the electron flux from the plasma. As the current increases, the cathode is not able 
to supply the required number of electrons and an ionization region is formed to provide 
ions, which are accelerated by the same drop to heat the cathode. When a sufficiently 
high ion density is created due to the space -charge neutralization, a transition from the 
non -self -sustaining mode to the low -voltage self-sustaining arc takes place (as described 
in refs. 3 and 5). This transition region is difficult to study analytically because of the 
difficulty in determining the proper ion current and the energy it delivers to the cathode. 
The energy depends on the ion accommodation coefficient, which is not well known. A 
much simpler situation, where the total load current is equal to zero, is discussed in 
the appendix. 

The important parameter judging from the data in figure 6 seems to be the initial 
cathode temperature. There appears to be a critical initial temperature above which the 
discharge will begin in the non -self -sustained mode. The critical temperature in this 
experiment appears to be about 2135 K. To illustrate the importance of the initial tem- 
perature the following procedure was used; This time the initial electrode temperature 
was changed by varying the power to the arc heater. Short-circuit currents were ob- 
tained starting at low arc power with an initial cathode temperature of 1890 K. The re- 
sults are shown in figure 10, where the cathode drops and corresponding temperatures 
against current are plotted. As the arc power is increased, the cathode temperature in- 
creases and the cathode drop decreases (curve I) from 18. 0 volts at 1890 K to 10. 5 volts 
at a cathode temperature of 2375 K. This is a typical low -voltage -arc or self -su staining - 
mode discharge characteristic. While at the high arc power and cathode temperature 
level, the load in the circuit was changed to obtain curve n. These curves are the same 
as in figure 6. Thus it is possible to be either in the self-sustaining arc mode or the 
non -self -sustaining mode depending on the initial cathode temperature. Such transition 
was also observed in reference 10. 

The transition from one mode into the other above the critical temperature is not 
well defined, and no arc spots were observed during the experiment. 

The anode processes are not as complicated as the cathode because they are dom- 
inated by electron current (ref. 7). There is no cooling effect observed at the anode 
because the emitted electrons are braked by the anode drop. 


CONCLUSIONS 

An unseeded, supersonic, nonequilibrium magnetohydrodynamic (MHD) generator 
using carbonized Th-W electrodes has been shown to operate in either self -supporting - 
arc or non -self -supporting mode depending on the initial cathode temperature. The 
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cathode and anode drops (losses in performance of a generator) may be reduced by 
operatii^ the discharge in the non-self -supporting mode. This may be done by making 
sure there is sufficient thermal emission from the cathode. There is a cathode tempera- 
ture (~2250 K) for which a minimum cathode drop is found. 

Cathode and anode drops of as much as 10 and -5 volts, respectively, have been 
measured. The magnetic field seems not to affect the electrode drops, but appears to 
have some effect on cathode emission and cathode energy balance. The magnetic field 
also causes nonsymmetry in the potential profile. These magnetic field effects require 
more study. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, September 24, 1970, 

129-02. 
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APPENDIX - ZERO-CURRENT CASE 


A much simpler picture presents itself at the electrodes if there is no net load cur- 
rent considered. This case is shown by figure 2(a) and the open-circuit conditions in 
figures 3 and 4. If the flux of electrons from the plasma is greater than the emitted 
electrons from an electrode, a field will be set up to brake the incoming electrons. 

This potential difference may be calculated by balancing the currents at the electrode 
(ref. 6) 


where 



( 1 ) 


and where T is electron temperature, T is cathode temperature, n is electron 

G L/ G 

number density, m is electron mass, <p is electrode drop, <p is work function, and 

c 0 0 ^ 

A is the Richardson constant (120 A/(cm"“)(K'^)). 

We also neglect the magnetic field effects and assume that ion current is zero and 
that n^ is in Saha equilibrium at the electron temperature. The unknowns in the equa- 
tion are Tg, <p, and Using values derived from the experiment for cp and cp^ we 

may calculate the electron temperature for the zero current condition as follows: The 
work function is approximated by finding the current density with an initial cathode tem- 
perature of 2325 K (solid symbols, fig. 6) at the bottom of the cooling curve. At this 
point of the cooling curve it is assumed that saturated emission has occurred, that no 
ion heatii^ effects have yet taken place, and that the drops are too small to have contri- 
buted to field emission. The current density is calcualted by dividing the current by the 
cathode area. The work function is calculated from Richardson's equation using this 
current density and the measured cathode temperature. This value of work function is 
3. 5 eV. The cathode drop with an initial cathode temperature of 2325 K at zero dis- 
charge current is 0. 75 volt. The electron temperature is then calculated from the cur- 
rent balance equation (eq. (1)) for these conditions and is found to be 6370 K. 
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Floating double -probe and spectrograph! c measurements (shown in fig. 11) have 
confirmed that the electron temperature is in this rai^e for zero discharge current. 
Spectrographic measurements were done by R. J. Sovie using the standard two-line 
intensity ratio method and assuming local thermodynamic equilibrium. The following 
two-line ratios were averaged to obtain the results in figure 11: 4259/4272, 4345/4164, 
and 4333/4266. It was found that the electron temperature is 8000 to 9000 K and inde- 
pendent of arc power. As expected, the calculated electron temperature of 6370 K (near 
the electrode) is lower than the measured electron temperature because of the presence 
of the relatively cold electrode. 

The zero -current drop affects the open-circuit distribution obtained with magnetic 
fields, as illustrated in figure 12. The resultant curve is similar to those for the open- 
circuit case in figures 3 and 4. 
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TABLE I. - PLASMA CONDITIONS 


Initial 

electrode 

temperature, 

K 

Argon 
flow rate, 
kg/sec 

Argon 

temperature, 

K 

Argon 

pressure, 

N/m^ 

Argon 

velocity, 

m/sec 

Magnetic 

field, 

T 

2166 

0.038 

730 

2. 

58X10^ 

1690 

0. 54 

2250 

.031 

840 

2. 

46 

1920 



2135 

.053 

610 

2. 

94 

1640 



2325 

.024 

940 

2. 

37 

2080 



2310 



940 



2030 

.39 

2320 



850 



1930 

. 54 

2325 



850 



1930 

.39 
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Floating potential relative to cathode, 
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□ Grid A 
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Load current, A 


gure 5. - Electric field in center of duct calculated from the floating potential profiles, against load 
current. 



Cathode drop, V Cathode temperature, 



Figure 6. - Cathode drop and cathode temperature against load current, of differ 
ent initial cathode temperatures. 




Electron temperature. 


Constant load Constant initial 
resistance cathode tem- 
perature 



Load current, A 

Figure 10. - Cathode drop and cathode temperature against load current, at different arc heater 
power levels. Grid A. 



O Spectrographic 
A Double probe 



Figure 11. - Spectrographic and double-probe electron temperature measurements against arc heater current. 
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Cathode I' N| Anode 

(a) Potential due to electron flux from plasma. 


(b) Potential due to magnetic field. 




(c) Result of adding potentials in 
parts (a) and (b). 

Figure 12. - Effect of zero-current electrode drop 
on open -circuit voltage profile in electrode gap. 
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